Scanning Electrochemical Microscopy (SECM) feedback mode and substrate generation-tip collection (SG-TC) mode coupled with chronoamperometric approach were used to investigate H2 oxidation and hydrogen evolution reaction (HER) at a polyaniline (PAni) coated highly oriented pyrolytic graphite (HOPG) electrode. Using the former mode, the heterogeneous electron transfer (ET) kinetics for H2 oxidation was studied, while the latter mode allowed mapping of the distribution of local [H2] at the nanoparticulate/aqueous interface, followed by monitoring the transients at the tip. These preliminary studies demonstrate that SECM is useful in evaluating the activity of nanophase electrocatalysts. Particularly, if one employs nanometer-sized tips or hydrodynamic microjet electrodes where the mass transfer rate is significantly high, it should be possible to investigate the ET kinetics more accurately.
Introduction
Recently, highly active nanomaterials have emerged as the state-of-the-art in studying heterogeneous electrocatalytic processes. [1] [2] [3] [4] [5] Particularly, since fuel cells are an attractive option for high-efficiency power production, various electrocatalysts with high surface area have been used to investigate both anode and cathode reactions. 4, [6] [7] [8] The catalytic performance of the nanoparticulate electrode depends on the particle size, the nature of the support and the method of preparation 4, 9 while the minimum loading of electrocatalysts is desirable to decrease the material cost. Considering these facts, researchers have focused on achieving high surface area electrodes with minimum metal particle mass. 10 Electrochemical dispersion of the catalyst at the molecular level in electron-conducting polymers can produce nanoparticles with enhanced electrocatalytic activity. 11 Using noble metal particles dispersed in such polymers, researchers have investigated reduction of H + and O2 12, 13 and H2 oxidation. 14 On the other hand, considering the importance of H2 energy, 15 they have also studied the hydrogen evolution reaction (HER) at a nanoparticulate electrode 16 and microelectrode. 17 Due to the unique capability to probe interfacial processes including topographic images, electronic conductivity and chemical activity of the substrates at the local level, scanning electrochemical microscopy (SECM) 18, 19 is attracting attention as a new approach to studying the electrocatalytic and electrode processes of fuel cells. [20] [21] [22] [23] [24] [25] We have been developing an SECM system of nanophase electrocatalysts, in which various nanoparticulate electroactive materials will be deposited on to a substrate to probe local electrocatalytic reactions at the metal nanoparticle/aqueous interface. Considering the importance of HER in fuel cells, water electrolysis etc., in this preliminary paper we briefly describe the HER and H2 oxidation at an electrodeposited Pt particulate electrode incorporated in polyaniline (PAni), while in subsequent papers we will report the activity of nanophase electrocatalysts toward the other processes of interest. For HER, we have applied the SECM substrate generation-tip collection (SG-TC) configuration, while the kinetics of H2 oxidation at the substrate was investigated via the feedback mode, fitting the approach curves with the theory for finite substrate heterogeneous kinetics.
26,27

Experimental
Fabrication of Pt-PAni electrode
The Pt-PAni electrode was prepared by electropolymerization of freshly distilled aniline 28 onto highly oriented pyrolytic graphite (HOPG, 1 × 1 cm 2 , Goodfellow, UK) followed by electrodeposition of Pt on PAni-HOPG, adapting a threeelectrode arrangement where the reference and counter electrodes were Ag/AgCl and Pt-coil (CH Instruments, USA), respectively. The thickness of PAni film (0.4 µm) was calculated from the charge required for the first peak to switch from leucoemeraldine (LE) to emeraldine (EM 2+ ) as described previously. 28 The electrodeposition of Pt was achieved at a constant potential of -500 mV for 300 s in 1.0 mM K2PtCl6 (Sigma) + 0.5 M H2SO4 (E. Merck). All the solutions were prepared from Modulab Water Systems deionized water. An Autolab potentiostat/galvanostat PGSTAT30 (Eco Chemie Netherlands) with general-purpose electrochemical system (GPES) was used for the electrodeposition experiments.
Experimental approach of SECM
SECM measurements were carried out with SECM 270 (Uniscan Instruments Ltd., UK). A 10 µm diameter Pt-UME (RG ∼5 -6) served as the SECM tip which was polished to a mirror finish as described elsewhere. 24 The vertical position of the substrate at the bottom of the Teflon cell (facing Pt-PAni surface upwards) facilitated the exposure of an area of 5.8 mm diameter. Using Viton O'-rings a leak-proof arrangement was achieved. Figure 1 illustrates the schematic and basic principle of the SECM modes used. HER was investigated in 0.01 M HClO4 + 0.1 M NaClO4, generating H2 electrochemically at the substrate via the diffusion-controlled reduction of H + , using SECM SG-TC configuration. It was then subsequently detected at the tip at 0.5 V, sufficiently positive to oxidize H2 back to H + . A number of H2 oxidation transients were recorded by varying tip/substrate distances (5 -20 µm). The local [H2] was mapped via scanning the substrate (100 × 100 µm 2 ) with a scan speed of 5 µm/s at a tip/substrate distance of 5 µm. During scanning, tip/substrate potentials were at 0.5 V and -0.5 V, respectively. The images were analyzed using the Iso Plot software (Uniscan Instruments). In the feedback approach the tip was held at -1.2 V, allowing diffusion-controlled reduction of H + , and the substrate potential was varied to oxidize H2 at different rates.
Results and Discussion
Characterization of Pt-PAni-HOPG substrate electrode
The SECM tip and substrate (HOPG, PAni-HOPG and PtPAni-HOPG) were characterized by recording the CV in 0.01 M HClO4 + 0.1 M NaClO4. The CVs show that HOPG exhibits negligible reduction current (Fig. 2a) , reflecting its nature as an insulating substrate as reported earlier, 21 which is incapable of reducing the H + . The CV at PAni-HOPG (Fig. 2b ) also appeared without any feature of H + reduction, while at the PtPAni-HOPG surface ( Fig. 2c ) an appreciable steady-state reduction of H + (2H + + 2e -→ H2) is observed, similar to that of a polycrystalline Pt electrode. The diffusion-limited reduction current was obtained at -1.0 V. The tip response (inset CV in Fig. 2 ) also shows that H + reduction occurs at the same potential window. This tip voltammetry was used to calculate the diffusion coefficient of H + as 7.35 × 10 -5 cm 2 s -1 (close to the previous value), 24 using the steady-state microdisc electrode equation:
where i∞ is the steady-state limiting current at microdisc electrode, n is the number of electrons, a is the radius of electrode, F is the Faraday constant, D is the diffusion coefficient and c* is the [H + ]. Pt-PAni-HOPG was then quantified in terms of (i) Pt-particle size, (ii) real surface area and (iii) specific surface area. The H2 adsorption-desorption CV in 0.01 M HClO4 + 0.1 M NaClO4 was recorded at the Pt-PAni-HOPG electrode. The CV in Fig. 3 is characteristic of that obtained for polycrystalline Pt-electrode in the same electrolyte (inset CV in Fig. 3 ), indicating that the modified substrate is not poisoning or passivating during the experimental approach. Both of the CVs show the H2 adsorption-desorption peak at potentials between -0.55 to -0.35 V, the double layer region between -0.2 to 0.2 V (on the positive scan, reflecting a clean metal surface) followed by an oxide reduction peak at 0.06 V (on the negative scan). The real surface area (Ar = 0.35 cm 2 ), specific surface area (SA = 48.29 m 2 g -1 ) and Pt particle size (d = 5.8 nm, assuming spherical particle) were calculated following earlier procedures. 13, 14 This particle size and the corresponding specific surface area are in good agreement. 13, 14 
H + /H2 mediator feedback behavior
Since the feedback mode of SECM 18 gives information on the nature (i.e. insulator/conductor) of the substrate, a group of approach curves was recorded for H2 oxidation at the HOPG, PAni-HOPG and Pt-PAni-HOPG. The approach curves were acquired at an approach speed of 2 µm/s, holding the tip at -1.2 V, while the substrate potential was -0.58 V to 1.0 V. Figure 4 illustrates the corresponding approach curves along with the theoretical curves for positive and negative feedback. When the tip approached the HOPG substrate (d < a), a negative feedback is achieved as expected, indicating that the HOPG is acting as an insulator. Thus, no regeneration of the tip-generated species occurs on the substrate, since H2 cannot be oxidized at a noncatalytic surface. Such behavior of HOPG is consistent with the CV response (Fig. 2a) and with an earlier report. 21 The approach curve at PAni-HOPG also provided similar results. When the tip approached the Pt-PAni-HOPG, a positive feedback current appeared, due to the rapid oxidation of H2 and regeneration of H + on the substrate. A shift of positive feedback to negative feedback is observed when the substrate potential was sufficiently positive to form non-reactive Pt-oxide, which inhibits H2 oxidation at the substrate surface. This feedback behavior also confirmed the dispersion of Pt on PAni-HOPG.
H2 oxidation on Pt-PAni-HOPG: heterogeneous ET kinetics
The first-order effective heterogeneous ET rate constant on the substrate was extracted by fitting the approach curves with finite substrate heterogeneous kinetics theory. 26, 27 Thus, the following equations were used to measure the rate of H2 oxidation on Pt-PAni-HOPG: 
Here, F(L,Λ) = (11 + 2.3Λ)/[Λ(110 -40L)] and Λ = kdd/D; k = heterogeneous rate constant (cm/s).
To measure the H2 oxidation rate on Pt-PAni-HOPG, we analyzed the approach curves obtained in the previous section (H + /H2 mediator feedback behavior) were analyzed using the above equations. A series of heterogeneous rate constant values were achieved by fitting the experimental data with theory. Notably, the observed values of k are within 0.54 -1.78 cm s -1 , which are comparatively high and the rate constants equal to or greater than ∼1.0 cm s -1 reflect the diffusion-controlled positive feedback 24 (curves for k values > 1.0 cm s -1 are not shown in Fig. 4 ). The substrate potential at which the rate constant becomes high enough to be indicative of diffusion-limiting is -0.52 V. This high rate constant is probably due to the fine
dispersion of Pt nanoparticles on PAni in such a way that the surface of each Pt particle is freely available for the preceding reaction. However, the tip size and tip-substrate geometry restricts the measurement of rate constants beyond this range. The smallest sized tip available to us is 10 µm diameter Pt-UME, while the substrate electrode contains ∼5.8 nm sized Pt particles with high surface area. Thus the key issue of achieving an effective mass transfer rate, (∼D/d) higher than heterogeneous kinetics, could be greatly affected due to the tip size. This problem could be minimized by using the impinging jet 29, 30 since such hydrodynamic approaches produce significantly high mass transfer rates, studies in this regard are now underway in our group. A high rate constant value for H2 oxidation at 0.2 -0.5 µm Pt particles was also noticed earlier. 25 However, in order to validate the present data, the measured rate constants were plotted vs. substrate over potential, equivalent to a Tafel plot (Fig. 5) . The half wave potential (-0.59 V) from the steady-state voltammogram (inset CV of Fig. 2 ) was considered as equilibrium potential (Eeq) to calculate the over potential. Although the Tafel plot resulted in a straight line, the Tafel slope is 217 mV (log k = 0.0046η -0.3304) higher than a typical Tafel slope (118 mV) and also higher than those obtained with polycrystalline Pt. 20, 24 The reason for this could be that the H2 oxidation at the nanoparticulate electrode is controlled by the kinetics and diffusion of the species. Additionally, this could also be the effect of inaccuracy of the measured high rate constants when approaching >1 cm s -1 . However, a variation (30 -62 mV dec -1 ) in Tafel slope was also noticed previously during the investigation of H2 oxidation at Pt-PAni-rotating disk electrode with several Pt loadings. The Tafel slope in this exercise corresponds to a transfer coefficient (α) of 0.72, while the extrapolation of the lines to E = Eeq gives the standard heterogeneous rate constant of 0.47 cm s -1 . This value is double than that obtained at polycrystalline Pt, 20 but is in good agreement with that observed previously. 24 
Imaging and transient response for [H2] at the Pt-PAni-HOPG: SG-TC mode
Using SECM SG-TC mode, we imaged the catalytic activity of the Pt nanoparticulate electrode was imaged via monitoring the local [H2] electrochemically generated at the substrate. A potential of -0.5 V was applied to the substrate to reduce H + slowly so that H2 evolution occurred without bubble formation, also such diffusion prevented the electrolyte from becoming supersaturated due to the presence of excess H2. The tip (25 µm Pt-UME) detected the electrogenerated H2 at 0.5 V by oxidizing it back to H + and the resulting SG-TC current response for H2 oxidation was monitored via imaging the substrate, at a tip/substrate distance of 5 µm. A high current response (∼150 -220 nA) confirmed the high substrate activity for H2 production.
Potential dependence of H2 evolution at the substrate was then investigated by chronoamperometric behavior of the tip, stepping the potential from 0.0 V (where no faradaic reaction occurs) to 0.5 V (where H2 oxidizes to H + ). The substrate potentials were chosen at -0.59 V (half wave potential of steady state CV for H + reduction) and -1.2 V (sufficient for the twoelectron reduction of H + to be achieved at diffusion control rate). Figure 6 shows that, when the tip potential is 0.0 V, no detectable level of [H2] is observed. In contrast, when the tip potential is switched to 0.5 V, significant current response represents the oxidation of electrogenerated H2 to H + . However, after a brief time in all cases (Fig. 6, a -f ) the oxidation current tends to reach a plateau, indicating that diffusion of H + from bulk solution towards the substrate surface is a slow process. This causes a deficit of sufficient [H + ] in the nanoparticulate/electrolyte interfacial zone to allow the reduction reaction to proceed with the same initial rate, which ultimately affects the oxidation process at the tip as well. Consequently, the transition current attains a fairly constant value. When the tip potential again stepped to 0.0 V, the current response promptly shifted back to the initial value, showing that oxidation of H2 at the tip has been terminated. Thus the H2 generated at the substrate was subsequently detected at the tip via the oxidation process. These transients (Fig. 6 ) recorded at the tip (tip/substrate distances 5 -20 µm) show that this step function of the tip potential is very sensitive to H2 detection, where the substrate potential plays an important role in H2 generation. Clearly, there is a discrepancy between the transient current achieved at -0.59 V and -1.2 V. At a particular tip-substrate gap, local [H2] is higher at substrate potential -1.2 V. This is because the potential window -1.2 V is no doubt sufficient for the two-electron reduction of H + , as is evident from inset CV of Fig. 2 ; at -0.59 V, however, the H + reduction is a comparatively slow process and not all the protons are engaged in the preceding reduction process. Thus in this latter case, observed transient current response is lower due to less H2 formation. However although [H2] increases with increasing substrate potential, but the tip sensitivity is clearly dependent on the tip/substrate inter distance as well. This is because the greater the distance, the higher the chance for H2 to be diffused in solution before detection. Thus, in both cases (substrate potential at -0.59 V and -1.2 V), when the probe UME was positioned as the closest distance (5 µm) the corresponding H2 oxidation current is more prominent, whereas with the increase of tip-substrate inter distance the transient current tends to decrease significantly due the diffusion effect.
However proper quantitative kinetic analyses of H2 evolution response will provide a wealth of valuable information on the activity of nanoparticle/aqueous interfacial processes occurring in real time. Thus, after optimizing the tip size (which is the key issue of achieving a significantly higher mass transfer rate compared to heterogeneous kinetics as described in the ET kinetics section) H2 evolution kinetics will be modeled numerically using the well defined SECM configuration, studies in this direction are now underway in our group.
Conclusions
It has been shown that SECM feedback mode and SG-TC mode coupled with chronoamperometric approach can be used to investigate the activity of Pt nanoparticles towards H2 oxidation and evolution. The transient response recorded via the step function of the tip potential is very sensitive in monitoring [H2], while the images for local [H2] indicates the activity of Pt-PAni-HOPG. Further studies will be explored to investigate other electrocatalytic processes considering the effects of temperature, pH and background electrolyte on the activity of nanophase electrocatalysts. 
